ϩ -Cl Ϫ cotransporters (KCC1-KCC4) encompass a branch of the SLC12 family of electroneutral cation-coupled chloride cotransporters that translocate ions out of the cell to regulate various factors, including cell volume and intracellular chloride concentration, among others. L-WNK1 is an ubiquitously expressed kinase that is activated in response to osmotic stress and intracellular chloride depletion, and it is implicated in two distinct hereditary syndromes: the renal disease pseudohypoaldosteronism type II (PHAII) and the neurological disease hereditary sensory neuropathy 2 (HSN2). The effect of L-WNK1 on KCC activity is unknown. Using Xenopus laevis oocytes and HEK-293 cells, we show that the activation of KCCs by cell swelling was prevented by L-WNK1 coexpression. In contrast, the activity of the Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC1 was remarkably increased with L-WNK1 coexpression. The negative effect of L-WNK1 on the KCCs is kinase dependent. Elimination of the STE20 proline-alanine rich kinase (SPAK)/oxidative stress-responsive kinase (OSR1) binding site or the HQ motif required for the WNK-WNK interaction prevented the effect of L-WNK1 on KCCs, suggesting a required interaction between L-WNK1 molecules and SPAK. Together, our data support that NKCC1 and KCCs are coordinately regulated by L-WNK1 isoforms.
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SPAK; WNK4; Xenopus oocytes; HEK-293 cells THE K
ϩ -CL Ϫ COTRANSPORTERS (KCCs) constitute a branch of the electroneutral cation-coupled chloride cotransporter family SLC12 that is composed of four members: KCC1 to KCC4 (20, 22, 42, 45, 48) . KCC1 is considered a housekeeping isoform due to its ubiquitous expression pattern (32) , while KCC4 is expressed in several tissues with a strong presence in the heart and kidney (35, 42) . KCC3 is expressed in multiple tissues with particularly abundant transcripts in heart, muscle, kidney, brain, and placenta (22, 42, 48) . Although five different NH 2 -terminal isoforms of KCC3 have been identified at the molecular level (40) generated by alternative splicing of exons, here we will focus on the two most abundant isoforms in the organism, KCC3a and KCC3b. There are several potential phosphorylation sites for PKC (42) within the 51 amino acid residues present in KCC3a (exon 1a) that are not present in KCC3b (exon 1b) (22) , suggesting different posttranslational regulation. Finally, KCC2, of which two different NH 2 -terminal isoforms, named KCC2a (62) and KCC2b (60) have been described, is only expressed in the central nervous system (CNS) (45) . Both isoforms differ in the presence of a single sequence of 40 amino acid residues at the first exon of KCC2a, which contains a putative STE20 proline-alanine rich kinase (SPAK)/oxidative stress-responsive kinase (OSR1) binding site (62) .
Following the potassium driving force developed and maintained by the Na ϩ -K ϩ -ATPase, the KCCs translocate ions to the outside of the cell, participating in various physiological roles including epithelial ion transport, cell volume, and intracellular chloride concentration ([Cl Ϫ ] i ) regulation (17) . Erythroid function and differentiation (30) , cancer cell growth and invasiveness (8, 57, 58) , arterial blood pressure regulation (54) , and neuronal excitability (23, 33, 53) are some of the important roles of these membrane proteins. At the renal level, KCC3 is located in the basolateral membranes of the proximal tubules (PT) (40) , while KCC4 is expressed in proximal tubules, in the thick ascending limb of Henle's loop (TALH) (35) , and in ␣-intercalated cells of the collecting duct (CD) (6, 35) . In these zones of the nephron, KCC3 and KCC4 are involved in processes such as glucose and salt reabsorption and acid-base homeostasis (6, 35) . It is known that KCCs are activated due to an increase in [Cl Ϫ ] i or by cell swelling (39, 40, 60) . This process is related to protein dephosphorylation, and its purpose is to reduce the [Cl Ϫ ] i or mediate the regulatory volume decrease (RVD) (1, 14, 17) .
The family of serine/threonine kinases proteins called WNK [with no lysine (K)] has been described for its ability to modulated the activity of members of the SLC12 family and other Cl Ϫ transport pathways (18, 24, 25) . Up to date, four WNK isoforms have been identified but only WNK2, WNK3, and WNK4 have been extensively studied (3) . In regard to full-length WNK1 (L-WNK1), this kinase has been related to renal ion transport and neuronal chloride concentration (5, 34, 66) . Mutations in this gene cause two different diseases in humans: a form of salt-sensitive hypertension known as pseudohypoaldosteronism type II (PHAII) or familial hyperkalemic hypertension (65) and hereditary sensory neuropathy type 2 (HSN2), a recessive disorder in which peripheral sensory nerves and, therefore, sensitivity are lost (29, 55, 56, 59) . Thus L-WNK1 kinase, which is ubiquitously expressed, is expected to be a modulator in the SLC12 family of cotransporters. Although previous studies have shown that other WNKs mediate the activity of all members of the SLC12 family (10, 12, 19, 44, 52) , the precise effect of L-WNK1 on these cotransporters remains unknown. Rinehart et al. (51) observed that knocking down L-WNK1 with two distinct siRNAs reduced the phosphorylation of the key residues T991 and T1048 of the KCC3a isoform, a condition that is associated with its activation, suggesting that by promoting KCC3 phosphorylation, L-WNK1 could also be an inhibitor of this cotransporter. In the present study, we analyzed the effect of several human L-WNK1 isoforms on the activity of K ϩ -Cl Ϫ cotransporters.
MATERIALS AND METHODS
cDNA constructs and mutations. The full-length KCCs (39, 40, 60) , as well as the wild-type and mutants of human L-WNK1 kinase cDNAs used in this work, were previously described (7, 46, 63) . L-WNK1 gives rise to several distinct isoforms. In the present study, we used the full-length L-WNK1 and the variants lacking only exon 9 (L-WNK1-⌬9), only exon 11 (L-WNK1-⌬11), exons 11 and 12 (L-WNK1-⌬11-12), and exons 9, 11 and 12 (L-WNK1-⌬9 -11-12). However, given that the most active variant against the renal thiazidesensitive Na
, we focused our study on the effect of the full-length L-WNK1 and the variant lacking only exon 11. Mutant constructs were generated using custom-made primers (Sigma) and the Quick-Change mutagenesis system following the manufacturer's recommendations (Stratagene). All mutations were confirmed by sequencing and subcloned back into the appropriate expression constructs. To prepare cRNA, KCC1, KCC2a/b, and KCC4 cDNAs were linearized at their 3=-end with NheI and KCC3a/b cDNA with NotI, and the various isoforms of L-WNK1 kinase cDNAs were linearized with MluI and transcribed in vitro using a T7 RNA polymerase mMESSAGE kit (Ambion). The transcription product integrity was confirmed on agarose gels, and the concentration was determined by absorbance readings at 260 nm (SmartSpec Plus, Hercules, CA). cRNA was stored in aliquots at Ϫ80°C until used.
Assessment of the Na
Ϫ cotransport activity of all four wild-type KCCs (KCC1-KCC4) and the endogenous Na ϩ -K ϩ -2Cl Ϫ (NKCC1) was assessed using the heterologous expression system of Xenopus laevis oocytes following our standard procedures (10, 36, 37, 39) . Briefly, mature oocytes were injected with water alone or containing 0.2 g/l of KCCs cRNA alone or together with 0.1 g/l of the various isoforms and mutants of L-WNK1 kinase cRNA. Two days after injection, the activity of the KCCs was determined by measuring the Cl Ϫ -dependent 86 Rb ϩ uptake under hypotonic conditions (110 mosmol/kgH2O). The activity of endogenous NKCC1 was determined by bumetanide-sensitive 86 Rb ϩ uptake under hypotonic (155 mosmol/ kgH2O) conditions, which is known to promote inhibition of the cotransporter (16, 27 (10, 36, 37, 39) . Tracer activity was determined for each oocyte by ␤-scintillation counting. Our experimental data are based on three to four independent experiments.
Antibodies. The total and phospho-specific KCC3a antibodies for KCC3a and SPAK/OSR1 used in this study were previously described and validated (11, 36) . Polyclonal anti-c-Myc antibody was used to identify L-WNK1 (Sigma). Secondary antibodies coupled to horseradish peroxidase that were used for immunoblotting were obtained from Sigma. Specificity of phosphoantibodies was assessed using protein extracts from oocytes or HEK-293 cells transfected with KCC3a cDNA.
Cell culture, transient cell lines, and stimulations. The full-length human KCC3a and L-WNK1-⌬11 cDNAs were previously subcloned into the mammalian expression vector pCMV5 and pcDNA3.1, respectively. KCC3a was tagged with Flag and L-WNK1-⌬11 with c-Myc (7, 36) . To generate the transient cell lines, HEK-293 cells underwent passages every 2-3 days to maintain the cells in their exponential growth phase. Cells were culture on 10-cm-diameter dishes in Dulbecco's modified Eagle medium (DMEM) supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 10% FBS (vol/ vol), and 2 mM L-glutamine in a humidified atmosphere containing 95% air-5% CO 2 at 37°C (9, 36 (10, 36) . To reach the isotonic conditions for HEK-293 cells (ϳ300 mosmol/kgH2O), mediums were supplemented with 1.7 g/100 ml sucrose. Following the treatment, cells were harvested in ice-cold lysis buffer, 0.1 ml lysis buffer per well [in mM: 50 Tris·HCl (pH 7.5), 1 EGTA, 1 EDTA, 50 NaF, 5 Na4O7P2, 1 Na3VO4, 1% (wt/vol) Nonidet P40, 0.27 sucrose, and 0.1% 2-mercaptoethanol] supplemented with a protease inhibitor cocktail (1 tablet per 50 ml; Sigma), incubated for 10 min, and then scraped. Cell homogenates were centrifuged for 15 min at 26,000 g, and supernatants were collected and stored at Ϫ80°C until used. Protein concentrations were determined using the Bradford method.
Western blot analysis of wild-type flag-hKCC3a and cmyc-hL-WNK1-⌬11. Total proteins were extracted either from Xenopus oocytes or HEK-293 cells. When extracted from oocytes, groups of 10 to 20 oocytes were previously injected with cRNA from various constructs, transferred to Eppendorf tubes, and homogenated in ice-cold lysis buffer, 10 l/oocyte, supplemented with a protease inhibitor cocktail. The homogenates were centrifuged at 10,000 g for 10 min at 4°C, and the supernatant containing the total protein fraction was collected. Western blotting was performed using the total protein equivalent to one oocyte resolved in 7.5% polyacrylamide gels (SDS-PAGE) and transferred to polyvinylidine difluoride membranes (PVDF; Amersham).
The HEK-293 cells that were previously transfected with hKCC3a and hL-WNK1-⌬11 were cultured in T25 flasks, washed, and then scraped into ice-cold lysis buffer. Cell homogenates were sonicated and clarified by centrifugation (11,000 g for 5 min), and protein concentration was assessed in duplicate using the Bradford method. Then, 25 g of protein were resolved in 7.5% SDS-PAGE and transferred to PVDF membranes. In both cases, membranes were blocked with TBST (Tris-buffered saline/Tween 20, in mM: 100 Tris·HCl, 150 NaCl, and 0.2% Tween 20, pH 7.5) containing 5% (wt/vol) of nonfat dry milk and incubated overnight at 4°C, with anti-KCC3a phospho-specific antibodies T991 and T1048 (2 g/ml plus 2 l/ml nonphosphopeptide) (11, 36) , polyclonal anti-cMyc (1:1,000; Sigma), anti-␤ actin (1:2,500; Santa Cruz Biotechnology), or anti-GAPDH (1:10,000; Sigma). After further being washed, blots were incubated with (horseradish peroxidase) conjugated anti-sheep secondary antibody (1:5,000; Sigma) for 1 h at room temperature. Immunoreactive species were detected by chemiluminescence (Luminata Forte; Millipore), and bands were visualized using a C-DiGit Blot Scanner (Li-Cor, Lincoln, NE).
Statistical analysis. Statistical significance was defined as twotailed P Ͻ 0.05, and the results are presented as the mean Ϯ SE. The significance of the differences between groups was tested by Student's t-test or nonparametric Mann-Whitney test. For the uptake experiments in oocytes, each condition was studied 3 to 4 times (frogs) with 10 -15 oocytes per condition, while for the experiments using cell line HEK-293, each condition was tested three times; n represents the number of experiments using either frogs (oocytes) or HEK-293 cells (wells seeded). (36, 37, 39) and that wild-type WNK3 prevents their cell swelling-induced activation. Likewise catalytically inactive WNK3-D294A is able to bypass the tonicity requirements to regulate KCCs under isotonicity (10, 12, 16) . Here, we analyzed the effect of L-WNK1 on the K ϩ -Cl Ϫ cotransporters and whether its effect requires the kinase catalytic activity. Elimination of the catalytic activity of L-WNK1 was achieved by a single point mutation in which the aspartic acid residue 368 of the kinase domain was substituted by alanine (L-WNK1-D368A) (66) . Figure 1 , A-F, depicts a pool of three experiments in which oocytes were injected with KCC alone or together with the full-length wild-type L-WNK1 or the catalytically inactive L-WNK1-D368A kinase cRNA. The effect of the kinase was compared with its control 48 h later under hypotonic conditions in the absence or presence of extracellular chloride. As expected, all KCCs, taken as 100%, were activated by cell swelling (in pmol·oocyte Ϫ1 ·h Ϫ1 : H 2 O-injected oocytes: 143 Ϯ 323; KCC1: 2,587 Ϯ 323; KCC2a: 5,395 Ϯ 661; KCC2b: 5,830 Ϯ 580; KCC3a: 10,546 Ϯ 651; KCC3b: 7,705 Ϯ 895; KCC4: 10,542 Ϯ 718), and their activities were dramatically reduced in the absence of extracellular chloride. The overexpression of L-WNK1 significantly decreased the activity of all K ϩ -Cl Ϫ cotransporters (in percentage: KCC1: 44.1 Ϯ 5.9; KCC2a: 23.7 Ϯ 3.4; KCC2b: 63.7 Ϯ 9.1; KCC3a: 54.7 Ϯ 5.8; KCC3b: 41.5 Ϯ 7.6; KCC4: 57.9 Ϯ 5.3; P Ͻ 0.001). Thus coexpression of all KCCs with L-WNK1 resulted in a significant reduction in their activity. In contrast, the catalytically inactive L-WNK1-D368A had no effect on the KCCs activity in hypotonic conditions (in percentage: KCC1: 78.6 Ϯ 7.1; KCC2a: 101.4 Ϯ 5.6; KCC2b: 101.3 Ϯ 9.6; KCC3a: 88.7 Ϯ 5.9; KCC3b: 99.3 Ϯ 16; KCC4: 78.9 Ϯ 7.3; P ϭ NS). Comparison of KCCs activity in the presence of wild-type L-WNK1 or L-WNK1-D368A was statistically significant (*P Ͻ 0.01, **P Ͻ0.001). This observation suggests 86 Rb ϩ uptake was assessed 48 h later in hypotonic conditions (110 mosmol/kgH2O). The pooled data from 3 different experiments are shown as percentage of KCC activity, with means Ϯ SE; n ϭ 3 (10 -15 oocytes per group, per experiment were tested). The Cl Ϫ -dependent 86 Rb ϩ uptake in each KCC control group was taken as 100% and the groups coinjected with L-WNK1 or L-WNK1-D368A were normalized accordingly. Significantly different from the uptake observed in the corresponding control (absence of L-WNK1 construct, *P Ͻ 0.01, **P Ͻ 0.001, ***P Ͻ 0.0001, by Student's t-test).
RESULTS

Inhibition of the
that catalytic activity of L-WNK1 is required for KCC inhibition by the kinase during cell swelling. To verify the integrity and processing of L-WNK1 constructs, we performed an immunoblot analysis and found that both kinases are well processed and similarly expressed in Xenopus oocytes, as shows in Fig. 2 . Therefore, the lack of effect of L-WNK1-D368A upon the cotransporter's activity is not due to an abnormal protein processing.
L-WNK1 and L-WNK1-⌬11-12 coordinate the activity of NKCC1 and KCC2. Multiple studies have demonstrated that the [Cl Ϫ ] i in the nervous system affects the type of response to neurotransmitters acting on chloride channels in the postsynaptic membranes, such as GABA (2, 5, 13, 28, 38, 53) . [Cl Ϫ ] i is determined by the balance between the activity of NKCC1, involved in chloride influx, and that of KCC2, which promotes chloride efflux. Several variants of L-WNK1 are generated by alternative splicing of 7 exons (8b, HSN2, 9, 11, 12, 26a, and 26b). The full-length L-WNK1 and L-WNK1-⌬11-12 are two isoforms with higher expression in the CNS, including the brain, cerebellum, dorsal root ganglia, and spinal cord (63) . Therefore, to analyze whether these two isoforms can regulate, in a coordinated manner, the activity of these two players of the CNS, we coinjected oocytes with NKCC1 or KCC2a cRNA in the absence or presence of wild-type L-WNK1 or L-WNK1-⌬11-12 cRNA. As shown in Fig. 3A (Fig. 3B) . Overall, these data suggest that both isoforms, L-WNK1 and L-WNK1-⌬11-12, are kinases that have a potential role in coordinating the activity of NKCC1 and KCC2.
Similar effects of other L-WNK1 variants on the activity of the SLC12 family members. To determine whether the variants of L-WNK1 similarly affect the activity of the SLC12 family members, we coinjected oocytes with KCC1, KCC2a, KCC3a, KCC4, and NKCC1 cRNA in the absence or presence of L-WNK1-⌬9 or L-WNK1-⌬9 -11-12 cRNA. As shown in Fig.  4 , A-E, all K ϩ -Cl Ϫ cotransporters, as well as NKCC1, were similarly inhibited by these isoforms of L-WNK1. Coinjecting NKCC1 either with L-WNK1-⌬9 or L-WNK1-⌬9 -11-12 cRNA resulted in a significant activation of the cotransporter (NKCC1 alone represented as 100%, with L-WNK1-⌬9 368.7 Ϯ 31.1% and with L-WNK1-⌬9 -11-12 404.6 Ϯ 33.8%, P Ͻ 0.001) as is depicted in Fig. 4E . Chávez-Canales et al. (7) recently showed that the effect of these L-WNK1 variants was different on NCC, where L-WNK1-⌬9 has no impact on NCC's activation, while L-WNK1-⌬9 -11-12 increases its activity ϳ250%, (P Ͻ 0.001). The effect observed on NKCC1 in the presence of these isoforms could be related to a differential regulation of WNK kinases towards the cotransporters. Altogether, our observations indicate that all variants of L-WNK1 are potent activators of NKCC1 and inhibitors of KCCs.
Inhibitory effect of L-WNK1-⌬11 on the renal K
cotransporter activity induced by cell swelling in Xenopus oocytes. Among L-WNK1 variants, the most abundant in the nephron is the variant that lacks exon 11 (63) . We therefore analyzed the effect of this isoform on the renal K ϩ -Cl Ϫ cotransporters KCC4 and KCC3a/b variants, which are the most abundant forms of KCC expressed in this organ (22, 40, 48) . Figure 5 , A-C, shows that the presence of L-WNK1-⌬11 reduces the swelling-induced 86 Rb ϩ uptake through the KCCs: KCC3a activity was reduced by 50% (P Ͻ 0.001 vs. KCC3a alone), KCC3b activity was reduced by 44% (P Ͻ 0.001 vs. KCC3b alone), and KCC4 activity was reduced by 56% (P Ͻ 0.001 vs. KCC4 alone). Additionally, as shown in Fig. 5 , D-F, the effect of L-WNK1-⌬11 on KCC3 and KCC4 is kinase dependent.
Effect of the double-charge K233D/D368K mutant of L-WNK1-⌬11 upon KCC3a: kinase dependency. Substitution of the conserved catalytic residue D368 by alanine (D368A) in the L-WNK1 kinase domain abolishes its ability to inhibit KCCs, as previously shown in Figs. 1 and 5. It has been suggested, however, that the single point mutation generated in the WNKs kinase domain could have indirect effects on the structure of the NH 2 terminus. The crystal structure of WNK1 kinase domain indicates that residues K233 and D368 are in close vicinity perhaps generating ionic interactions critical for the kinase domain to exerts its effect upon target proteins (21) . Recently, Bazúa-Valenti et al. (4) demonstrated that introduction of the double mutant KDDK in WNK4 lacking the Cl Ϫ -binding sites prevented the activation of NCC and eliminated most of its activity. Thus we generated the double-charge K233D/D368K mutant (KDDK) into L-WNK1-⌬11 to analyze the kinase dependency on the activity of KCC3a after cell swelling. Consistent with the idea that K233 and D368 are critical for the catalytic activity of L-WNK1, the double mutant KDDK, previously shown to be a kinase dead (21) , did not modify the activity of KCC3a (Fig. 6A ) and the absence of the effect was not related to an anomalous protein processing as Fig. 2 . Protein expression of L-WNK1 and L-WNK1-D368A under isotonic conditions. Xenopus laevis oocytes were injected with water or 0.2 g/l of KCC3a cRNA alone or together with 0.1 g/l of L-WNK1 or the catalytically inactive L-WNK1-D368A mutation, as stated. Forty-eight hours later oocytes were homogenated in ice cold lysis buffer and immunoblotted to verify protein expression under isotonic conditions (210 mosmol/kgH2O). Blots were performed using specific antibodies against c-Myc-WNK1, total KCC3, and ␤-actin as loading control.
shown in Fig. 6B . Overall, these results provide convincing evidence that WNK1 regulates KCC3a in a kinase-dependent manner.
The 86 Rb ϩ uptake was assessed 48 h later under hypotonic conditions. The pooled data from 4 different experiments are shown as percentage of KCC3a activity, with means Ϯ SE; n ϭ 4 (10 -15 oocytes per group, per experiment were tested). *Significantly different from the uptake observed in control alone (absence of L-WNK1-⌬11 mutant P Ͻ 0.001, by Student's t-test). B: representative Western blot assay of total protein extracted from oocytes injected with water or wild-type KCC3a with or without L-WNK1-⌬11, L-WNK1-⌬11-DA, or L-WNK1-⌬11-KDDK cRNA under isotonic conditions, as stated. Blots were performed using specific antibodies against c-Myc-WNK1, total KCC3a and, ␤-actin as loading control.
, P ϭ NS vs. KCC3a alone), suggesting that elimination of the SPAK/OSR1 binding site on L-WNK1-⌬11 prevents the inhibition induced by the kinase. To verify equal protein expression of L-WNK1-⌬11 and L-WNK1-⌬11-F316A constructs, Western blot analysis was done under the same experimental conditions. As is shown in Fig. 7B , both proteins are well processes when expressed in Xenopus oocytes, indicating that the absence of the effect on KCC3a is not due to an irregular protein processing. Our results suggest that the loss of L-WNK1-⌬11-F316A effect on KCCs activity is probably due to a reduced capacity of this mutant to interact with endogenous OSR1.
It has been suggested that WNK kinases interact with each other physically by oligomerization (7, 31, 66) . The formation of WNK oligomers is most likely due to a small HQ motif (HIQEVVSLQT) located at the COOH-terminal domain of the protein (61) . Replacing the HIQEVVSLQT sequence with AIQEVVSLAT has been shown to prevent the interaction between WNK kinases, abrogating the formation of homo-and heteromers (61). Thus we investigated whether the mutation of the HQ motif in L-WNK1-⌬11 (L-WNK1-⌬11-HQAA) can impair the regulation of KCC3a. As depicted in Fig. 7A , L-WNK1-⌬11-HQAA mutant proved to be unable to modify KCC3a activity after cell swelling conditions. Same as L-WNK1-⌬11 and L-WNK1-⌬11-F136A, this protein was properly processed by the oocyte and showed similar expression levels under hypotonic conditions (Fig. 7B) . Together, these data suggest that, expressed in Xenopus oocytes, L-WNK1-⌬11 mutants F316A and HQAA are well processed and unable to inhibit KCC3a activity after cell swelling. It also shows that L-WNK1-⌬11 needs to interact with SPAK/OSR1 and other WNKs to inhibit KCC3a activity.
Effect of the elimination of the chloride binding site on L-WNK1-⌬11 upon the SLC12 members.
The responsiveness of the SLC12 family members to changes in extracellular chloride parallels their phosphorylation state, suggesting that these transporters are controlled by chloride-sensitive protein kinases (4, 43, 64) . In a recent study, Piala et al. (46) demonstrated that chloride stabilizes the inactive conformation of L-WNK1, preventing kinase autophosphorylation and activation. The leucine residue at position 369 in L-WNK1 is critical for the formation of the Cl Ϫ -binding pocket within the catalytic domain (46) . The substitution of the leucine for phenylalanine converts L-WNK1 into a constitutively phosphorylated kinase that is insensitive to changes in Cl Ϫ concentrations. This mutated kinase could be a more potent inhibitor of KCCs. Therefore, we tested this hypothesis in oocytes exposed to hypotonic conditions by injecting KCCs or NKCC1 cRNA with wild-type L-WNK1-⌬11 or mutant L-WNK1-⌬11-L369F. As shown in Fig. 8, A-D , the activity of each cotransporter alone under hypotonic conditions was represented as 100% and then compared with the activity in the presence of either wild type L-WNK1-⌬11 or mutant L-WNK1-⌬11-L369F. KCC3a activity was 44.4 Ϯ 6.0% in the presence of L-WNK1-⌬11 and 25.6 Ϯ 3.6% in the presence of L-WNK1-⌬11-L369F compared with KCC3a alone. KCC4 activity was 57.8 Ϯ 4.5% in the presence of L-WNK1-⌬11 and 35.8 Ϯ 3.1% with the L369F mutant. When coinjected with L-WNK1-⌬11, KCC2a activity was 57.6 Ϯ 4.3%, and in the presence of the L369F mutant, its activity dropped to 26.9 Ϯ 2.8%. In regard to NKCC1, under hypotonic conditions, L-WNK1-⌬11 increased its activity to 394.4 Ϯ 89.1%, whereas the L369F mutant activity increased to 697.2 Ϯ 97.9%. Therefore, elimination of the Cl Ϫ -binding site turned L-WNK1-⌬11-L369F more efficient in inhibiting KCCs (P Ͻ 0.001) or activating NKCC1 (P Ͻ 0.01) than wild-type L-WNK1-⌬11.
L-WNK1-⌬11 increases phosphorylation of the K
cotransporters under isotonic and hypotonic conditions. As mentioned above, the phosphorylation of KCC3 inhibits its activity. Therefore, L-WNK1 could inhibit the cotransporter by inducing its phosphorylation. To test this hypothesis, we used previously generated and validated phospho-specific antibodies that recognize KCC3a at the phospho-residues Thr991 and Thr1048 (11, 35, 36) and SPAK/OSR1 at the phospho-residue Ser373/Ser325, respectively (11). These residues, as well as the corresponding to the endogenous SPAK/OSR1 kinase, are phosphorylated in Xenopus oocytes maintained in isotonic conditions, in which KCC3 is inactive. As it was expected, under isotonic conditions, the coinjection of L-WNK1-⌬11 significantly increased the phosphorylation status of KCC3a and the endogenous SPAK/OSR1 through their phospho-residues (KCC3a: T991, 255 Ϯ 43%, P Ͻ 0.01; KCC3a: T1048, 231 Ϯ 53%, P Ͻ 0.001 and SPAK/OSR1: S373/S325, 465 Ϯ 51%, P Ͻ 0.01 vs. KCC3a alone taken as 100%) as is depicted in Fig. 9A and in the densitometric analysis on Fig. 9B . When oocytes are exposed to hypotonic conditions, these residues become considerably dephosphorylated, activating KCC3a. Thus, in the presence of L-WNK1-⌬11 kinase, which precludes the activation of KCC3a in hypotonic conditions, the level of phosphorylation increases (Fig. 9, A and B) .
The effect of L-WNK1-⌬11 on the KCCs was analyzed using mammalian HEK-293 cells transiently transfected with KCC3a alone or cotransfected with L-WNK1-⌬11, stimulated under isotonic or hypotonic conditions (Fig. 10A ). Cells were immunoblotted using a specific antibody against total KCC3a and phospho-antibodies directed against Thr991 and Thr1048 of KCC3a. GAPDH was used as the loading control. Figure  10A shows that in HEK-293 cells after hypotonic conditions the activation of KCC3a is associated with partial dephosphorylation of residues Thr991 and Thr1048. However, when coexpressed with L-WNK1-⌬11 dephosphorylation of the cotransporter in hypotonic conditions was not observed. Figure  10B corresponds to the densitometric analysis of pT991 and pT1048 ratios towards total KCC3a immunoblots. All groups were compared with phosphorylation of KCC3a under isotonic conditions, which was taken as 100%. KCC3a pT991 phosphorylation cotransfected with L-WNK1-⌬11 was 126 Ϯ 7 and 133 Ϯ 8% in isotonic and hypotonic conditions, respectively. KCC3a pT1048 was 120 Ϯ 11 and 124 Ϯ 19% compared with isotonic or hypotonic conditions in presence of L-WNK1-⌬11, respectively. These results suggest that phosphorylation of T991 and T1048 is increased in presence of L-WNK1-⌬11 either in isotonic or hypotonic conditions. We assume that only partial dephosphorylation of KCC3a was achieved given the short time of hypotonic stimulation (see Fig. 11 ).
SPAK/OSR1 kinase activity is associated with KCC3a phosphorylation status. A time course of KCC3a and SPAK/OSR1 phosphorylation was assessed in oocytes exposed to hypotonicity in similar conditions as those used for uptake experiments. Oocytes were injected with KCC3a alone or coinjected with L-WNK1-⌬11 or L-WNK1-⌬11-L369F. KCC3a T991 and T1048 phosphorylation and SPAK/OSR1 S373/325 phosphorylation was assessed over a 90-min time period. As shown in Fig. 11 , oocytes injected only with KCC3a cRNA revealed that within 5 min of incubation in hypotonic conditions, there was an increase in the phosphorylation of SPAK/OSR1, which was maximal within 30 min. When KCC3a was coinjected with L-WNK1-⌬11, SPAK/OSR1 phosphorylation was higher than in absence of the L-WNK1-⌬11, reaching its maximal within 15 min. As expected, coinjection of KCC3a with the active L-WNK1-⌬11-L369F mutant showed an even higher increase in the phosphorylation of SPAK/OSR1, which was maximal within 5 min and sustained for longer than in the other two situations, KCC3a alone and KCC3a ϩ L-WNK1-⌬11. In all cases, and consistent with SPAK/OSR1 mediating the phosphorylation of KCC3a at the COOH-terminal threonine residues, there was an increased phosphorylation of T991 and T1048. As shown in Fig. 11 , dephosphorylation of KCC3a, which is known to be associated with its activation (36, 51), 86 Rb ϩ uptake was assessed 48 h later in hypotonic conditions (110 and 155 mosmol/kgH2O, respectively for KCCs and NKCC1). The pooled data from 4 different experiments are shown as percentage of the cotransporter activity, with means Ϯ SE; n ϭ 4 (10 -15 oocytes per group, per experiment were tested). Significantly different from the uptake observed in control alone (*P Ͻ 0.001, **P Ͻ 0.01, by Student's t-test).
takes more than 30 min. In addition, in the presence of L-WNK1-⌬11 or L-WNK1-⌬11-L369F dephosphorylation of KCC3a takes even longer times. Overall, our results suggest that WNK1 kinase regulate the activity of the K ϩ -Cl Ϫ cotransporters through SPAK/OSR1 phosphorylation.
DISCUSSION
Data from several laboratories including ours have implicated a complex pathway of protein phosphorylation and dephosphorylation in the regulation of the members of the SLC12 family. It is known that phosphorylation promotes the activation of the Na-coupled members of the family (NKCC1/2 and NCC), and it inhibits the activity of the K-coupled members, KCCs. Rinehart et al. (51) identified two phosphorylation sites in the COOH-terminal domain of KCC3a. Recently, our group demonstrated functionally and biochemically that the full activation of KCC3a by cell swelling is only achieved after dephosphorylation of three distinct residues (Ser96 in the NH 2 -terminal domain and Thr991 and Thr1048 in the COOHterminal domain) (35, 51) . de los Heros et al. (11) confirmed that SPAK/OSR1 phosphorylates KCCs, thus preventing efflux of Cl Ϫ and K ϩ . Phosphorylation of threonine residues T991 and T1048 of KCC3a greatly contributes to the regulation of the KCC activity. In their study, however, de los Heros et al. (11) indicated that SPAK/OSR1 phosphorylates T1048 but may not itself phosphorylate the T991 directly. Regarding S96, which is only present in KCC3a, Melo et al. (36) (4, 46) , and they are able to bypass tonicity requirements for the activation or inhibition of the SLC12 cotransporters (12, 19 L-WNK1 is a ubiquitous kinase and its activity is regulated by hypertonicity or hypotonicity. It has been involved in cell volume regulation during changes in osmolality (31, 49, 68) . L-WNK1 is an activator of the downstream kinase SPAK/ OSR1 that is known to be the kinase that actually promotes phosphorylation of the SLC12 cotransporters (11, 64) . However, the effect of L-WNK1 on any of the SLC12 cotransporters remained unknown for many years. Initial studies sug- Fig. 9 . L-WNK1-⌬11 induces phosphorylation of KCC3a and inhibits its activation under hypotonic conditions. A: representative Western blot assay of total protein extracted from oocytes injected with water or wild-type KCC3a with or without L-WNK1-⌬11 cRNA under isotonic or hypotonic conditions, as stated. Blots were performed using specific antibodies against total KCC3a and phospho-antibodies directed to Thr991 and Thr1048 of KCC3a and Ser373/325 of STE20 proline-alanine rich kinase (SPAK)/oxidative stress-responsive kinase (OSR1), respectively. ␤-Actin was used as loading control. B: densitometric analysis of data compiled from 4 different experiments. KCC3a alone (white bars) under isotonic or hypotonic conditions was arbitrarily set as 100% and the corresponding groups coinjected with L-WNK1-⌬11 (grey bars) were normalized accordingly. Significantly different from KCC3a alone; n ϭ 4, *P Ͻ 0.01, **P Ͻ 0.001 by Mann-Whitney test.
gested that the rat L-WNK1 had no effect on NCC activity (67) . In our studies, we were not able to demonstrate any effect of rat L-WNK1 on any of the SLC12 cotransporters (unpublished data). More recently, however, we analyzed the effect of human L-WNK1 on the activity of NCC and observed that it is a powerful activator (7) . In searching for the difference between rat and human L-WNK1, we found an unexpected mutation in rat L-WNK1 cDNA (G2120S) that abrogated the effect of the kinase on NCC. Reversing this mutation turned rat L-WNK1 into the expected activator of NCC.
In the present study, we analyzed the effect of the human L-WNK1 on the functional expression of all K ϩ -Cl Ϫ cotransporters isoforms that are expressed in the kidney and CNS. We observed that the activity of all four KCCs is reduced when these cotransporters were expressed with the full length L-WNK1 that contains all exons or with the variants that lack . Thirty-six hours after transfection, cells were preincubated in either isotonic or hypotonic Na ϩ and Cl Ϫ -free medium during 30 min and later transferred to either isotonic or hypotonic Na ϩ -free medium for another 10 min. Cells were lysed, and total cell extracts were immunoblotted using specific antibodies against total KCC3a, pT991 and pT1048 of KCC3a and GAPDH as loading control. B: densitometric analysis of data compiled from 3 different experiments. KCC3a basal isotonic phosphorylation (white bar) was arbitrarily set as 100% and the corresponding groups were normalized accordingly. The result of densitometric analysis is expressed as the percentage of pT991 (iso or hypo) over total KCC3a (iso or hypo) and the percentage of pT1048 (iso or hypo) over total KCC3a (iso or hypo). P ϭ NS by Mann-Whitney test; n ϭ 3. Fig. 11 . Time course of phosphorylation status of KCC3a induced by cell swelling. Representative Western blot assay of total protein extracted from oocytes injected with 0.2 g/l KCC3a cRNA alone (right) or together with 0.1 g/l of L-WNK1-⌬11 (middle) or L-WNK1-⌬11-L369F cRNA (left) assessed 48 h later in hypotonic conditions. Phosphorylation status of KCC3a and SPAK/OSR1 was monitored over a 90-min time period, as stated. Oocytes were immediately lysed and extracts were analyzed by immunoblot using specific antibodies against total KCC3a, phosphoantibodies directed to Thr991 and Thr1048 of KCC3a and Ser373/Ser325 of SPAK/OSR1, respectively. ␤-Actin was used as loading control. Similar results were obtained in three independent experiments. Iso, isotonic (210 mosmol/kgH2O); Preuptake, Na ϩ , Cl Ϫ -free hypotonic (110 mosmol/kgH2O); Uptake, Na ϩ -free hypotonic (110 mosmol/kgH2O). exon 9; exon 11; exons 11 and 12; and exons 9, 11, and 12.
Thus the K ϩ -Cl Ϫ cotransporters are another Cl Ϫ transport pathway that is regulated by L-WNK1. Chávez-Canales et al. (7) showed that L-WNK1 and WNK3 mediate the activity of NCC through SPAK/OSR1, and WNK4 lies upstream of L-WNK1 and WNK3, modulating their effects towards NCC through WNK-WNK interactions. In the present study, we observed that L-WNK1 is a negative regulator of all K ϩ -Cl Ϫ cotransporters (Figs. 1, 3-5, 8, and 11 ) and that this effect is SPAK/OSR1 dependent because the elimination of the SPAK/ OSR1 binding site in L-WNK1 completely prevented the effect on KCCs (Fig. 7) . Piechotta et al. (47) previously demonstrated that SPAK directly interacts with some, but not all, members of the SLC12 family. Among the KCCs, only the NH 2 -terminal sequence of KCC3a and KCC2a isoforms contains a true SPAK/OSR1 binding site. However, we previously showed that, although the unique SPAK/OSR1 binding site on NCC and NKCC2 seems to be required for basal activity of the cotransporters, it is not necessary for WNK-induced activation (44) . We indeed observed that the WNK3-SPAK-NCC complex could be formed as long as WNK3 is able to interact with SPAK, which in turn activates NCC, even in the absence of the SPAK binding site on the cotransporter (44) . As shown in the present work, L-WNK1 can inhibit the activity of all KCCs, even though only KCC3a and KCC2a isoforms contain a SPAK/OSR1 binding site. We have also previously observed that other WNKs inhibit the KCCs cotransporter that contains no SPAK/OSR1 binding sites (12, 19, 52) . Our data thus suggest that L-WNK1 activates SPAK/OSR1, which in turn phosphorylates KCCs, decreasing their activity.
The inhibitory effect of L-WNK1 also depends on its ability to form dimers through the HQ motif with other kinases. Particularly, if the osmolarity and/or intracellular chloride concentration decreases, KCCs become phosphorylated and inhibited, whereas the NKCCs become active. Under this condition, L-WNK1 requires the presence of a binding site for SPAK kinase and the integrity of the HQ motif to allow its interaction with other WNKs.
Many cells express NKCC1 and KCC1 and/or other KCCs. Thus a balance between the activity of the influx (NKCC1) and efflux (KCCs) pathways is critical to modulate the [Cl Ϫ ] i or the response to changes in cell volume. Because L-WNK1 is an inhibitor of KCCs, it is expected to also be an activator of NKCC1. Therefore, activation of L-WNK1 by a decrease of [Cl Ϫ ] i or cell shrinkage will simultaneously increase the influx while decreasing the efflux of ions from the cell. Supporting this role for L-WNK1, we observed in the present study that in the same assay, L-WNK1 is a powerful activator of NKCC1 and inhibitor of KCC2 (Fig. 3) . Additionally, it has been recently shown that L-WNK1 is a chloride-sensitive kinase. Here, we show that eliminating one leucine residue (L369) of the chloride-binding pocket made L-WNK1 more efficient in affecting the function of NKCC1 and KCCs (Fig. 8) , most likely because chloride no longer inhibits the autophosphorylation of L-WNK1, as described by Piala et al. (46) .
Our data support the proposal that L-WNK1 is a potential modulator of [Cl Ϫ ] i in cells expressing both NKCC1 and some of the KCCs, which is the case in many epithelial and nonepithelial cells and in neurons. In this regards, recently, Friedel et al. (15) showed that in immature neurons WNK1, SPAK, and KCC2 form a physical complex that triggers a shift in GABA activity (from excitatory to inhibitory) by promoting the dephosphorylation of two COOH-terminal threonines in KCC2 (T906 and T1007) and thus enhancing KCC2-mediated Cl Ϫ -extrusion. The authors suggest that WNK1 is a specific kinase that contributes to the developmental control of KCC2 activity and due to its relevance in several neurodevelopmental disorders such as neonatal seizures, autism among others, this interaction has an important neuropsychiatric value, since KCC2 activity is suppressed and GABAergic disinhibition promotes the hyperexcitability of neurons and circuits (15) . We have recently report the case of a patient with an activating mutation of NKCC1 that is associated with the development of schizophrenia (41) .
As shown in Fig. 12 We previously reported that eliminating the catalytic activity of WNK3 and WNK4 by the D294A and D318A substitution, respectively (4, 10, 12, 19, 36, 50) , switched the way in which these kinases affect the SLC12 family members. Wild-type WNK3 activates NCC, NKCC1, and NKCC2, whereas the catalytically inactive version WNK3-D294A completely prevents the activity of these Na ϩ -driven cotransporters, even in the presence of cell shrinkage (26, 50) . A similar situation occurs with the K completely inhibits the activity of all four KCC cotransporters, even if oocytes were exposed to hypotonicity in which KCCs are maximally active. Conversely, WNK3-D294A activates the KCC cotransporters, even if oocytes are incubated in isotonic medium during the uptake where it is known that KCCs are inactive (10, 12, 19) . In the present study, we explored whether a similar result is obtained by eliminating the catalytic activity of L-WNK1. Our data show, however, that although the catalytic activity of L-WNK1 is required for the inhibition of KCCs in hypotonic conditions (Fig. 1) , the inactive kinase cannot activate KCCs in isotonic conditions as WNK3 does and, this lack of effect is not due to an abnormal protein processing in the cell (Figs. 2 and 6 ). In summary, we show that K ϩ -Cl Ϫ cotransporters are all inhibited by L-WNK1, elucidating another Cl Ϫ transport mechanism that is modulated by this kinase. Thus, all WNK kinases modulate the activity of the SLC12 cotransporters by activating the Na ϩ -coupled, and inhibiting the K ϩ -coupled, members of the family in a SPAK-dependent mechanism.
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